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Haynes 230 is a nickel based, solid-solution strengthened alloy that is used for
high-temperature applications in the aero-engine and power generation industries. The
alloy composition is balanced to avoid precipitation of undesirable topologically closedpacked (TCP) intermetallic phases, such as Sigma, Mu, or Laves-type, that are
detrimental to mechanical and corrosion properties.
This material is currently being used for the NASA's J2X upper stage rocket
nozzle extension. Current fabrication procedures use fusion welding processes to join
blanks that are subsequently formed. Cracks have been noted to occur in the fusion
welded region during the forming operations. Use of solid state joining processes, such
as friction stir welding are being proposed to eliminate the fusion weld cracks. Of
interest is a modified friction stir welding process called thermal stir welding
Three welding process: Gas Metal Arc Welding (GMAW), Electron Beam
Welding (EBW), and Thermal Stir Welding (TSWing) are compared in this study.
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CHAPTER I
INTRODUCTION

The objective of this study is to evaluate various joining processes for Haynes 230
with regards to their subsequent macrostructure. As an example, the J2X upper stage
rocket has a cone shaped nozzle extension, which is comprised of several fusion welded
Haynes 230 panels. The panels are fusion welded flat and then formed into a cone shape.
Once formed, the nozzle extension is attached to the J2X rocket engine shown in Figure
1. This liquid oxygen and hydrogen engine produces combustion gases at 5000 R. Hot
gas is used to cool the internal walls of the nozzle extension. Maximum operating
temperature of the wall is approximately 2500 R [1].
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Figure 1

J2X Engine Schematic [2]

Figure 2 illustrates the fabrication sequence for this nozzle extension to achieve
the end result of the cone shape. Difficulties experienced with some form of cracking
during post weld forming operations have prompted this study. Of special interest is a
comparison of fusion welded microstructures with those obtained using solid state
processes. The solid state process investigated is a modified friction stir welding
(FSWing) procedure, referred to as thermal stir welding (TSWing).
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Figure 2

Proposed nozzle fabrication process [1]

Gore Sections of (a) Haynes 230 panels are cut to size, (b) and then rolled to form a
radius. (c) The panels are fusion welded to form a cone. (d) The cone is placed on a
mandrel for a spinning operation. (e)During the forming operation, the material
undergoes interim anneals, multiple spin operations, until the final shape is obtained.

Currently, Haynes 230 panels are cut from 0.6 in thick sheets, rolled to form the
required radius, and fusion welded together as illustrated in Figure 2a-c. The cone,
shown in Figure 2d, next undergoes approximately 7 intermittent cold working and
annealing processes to achieve the required shape as illustrated by Figure 2e-f. Failures
have been reported to occur between the cold working and annealing processes in the
fusion weld area of the part. The hypothesis is that ductility of the fusion zone is
decreased and thus cannot accommodate the amount of strain associated with this
3

forming process. The proposed alternate process is a solid state TSW process to join the
gore panels in this nozzle extension. The lower peak temperatures and refined grain
structure associated with the solid-state joining process are expected to result in
microstructures amenable to increase ductility and better formability in the welded region
of the nozzle extension. The study herein is a preliminary study of microstructural and
mechanical differences in various joining processes applied to Haynes 230.
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CHAPTER II
DEVELOPMENT OF HAYNES 230

Haynes 230 is based on a Nickel (Ni)-Chromium (Cr)-Tungsten (W)Molybdenum (Mo) solid solution strengthened Ni based super alloy with 2 major
carbides. The alloy was developed in the 1980’s by Haynes International Inc. [4]. With
nearly 100 years of development preceding it, Haynes 230 was created to satisfy a
growing demand for high temperature, corrosion resistant materials. Advancement of gas
turbine engines drove this material’s development for withstanding the high temperatures
and corrosive environment while resisting creep.
Background
Commercially available Ni-based alloys were first introduced in the late 19th
century, were improved throughout the 20th century, and are currently being further
developed in the 21st century. A Swedish scientist named Axel Fredrik Cronstedt first
discovered Ni as an element in 1754 [4]. Primitive mining of Ni ore did not begin until
the late 19th century due to the lack of mining technology. The Ni ore that was extracted
from mines contained significant amounts of sulfide compounds and Copper (Cu).
Orford Copper Company in New Jersey was the pioneer Ni-Cu mining company, which
was later combined with the Canadian Copper Company to form the International Nickel
Company(INCO) in March 1902 [4]. Shortly after formation, INCO’s metallurgist,
5

Ambrose Monell, filed a patent for the first Ni based alloy named MONEL. MONEL
alloy consists of 70% Ni and 30% Cu, which was similar to the composition of the Ni ore
being mined in Ontario, Canada at the time [4]. The solution strengthened MONEL alloy
is still currently commercially available. Ni and Cu are completely soluble in each other
with the 70% Ni to 30% Cu alloy, having the highest strength [4].
As interest in Ni based alloys grew, several producers began researching the
material and possible alloying elements. Elwood Haynes experimented with solid
solution alloying of Ni with Cr and was successful in patenting a Ni-Cr alloy. Haynes
founded Haynes Stellite Company in 1912 shortly after his successful Ni alloy research
[4]. Haynes Stellite Company is now know as Haynes International and is the producer
of several HASTELLOY alloys within the Ni-Mo, Ni-Cr-Mo and Ni-Cr-Mo-W systems.
Before stainless steels were prevalent, Ni based alloys were used extensively in
the laundry industry and in kitchen sink production for their corrosion resistance. New
mining technologies caused Ni supply to greatly exceed its demand until the beginning of
World War I (WWI). WWI greatly influenced the need for research in the development
of Ni based super alloys in ballistic strength materials for increased defense against
projectiles. Paul D. Merica, an INCO physicist, discovered a second microstructural
phase could be formed in Ni based alloys, which nearly doubled the yield and tensile
strength of solution strengthened Ni alloys [4]. Merica’s discovery was identified as
precipitation strengthening by a Ni3Al (or γ’) phase and was achieved through heattreating Ni based alloys. Precipitation strengthening was a great technological advance in
Ni-based alloys in the twentieth century and consequently accelerated development of
several new industries.
6

One industry that benefited greatly by precipitation-strengthened alloys was the
aero-engine industry. The increased strength-to-weight ratio of Ni-based alloys due to
precipitation strengthening allowed lightweight turbine blades to be produced for jet
propulsion engines. The technological advance of lightweight turbine blades spurred the
development of precipitation strengthened Ni based alloy.
Following the aerospace industry needs in the 1930s through the 1940s, the
nuclear power plant industry drove Ni based alloy development from the 1950s through
the 1970s. Previously developed Ni-based alloys were not suitable for power generation
in nuclear power plants because of the highly corrosive environment. The demand for
corrosion resistant high strength alloys drove a new round of research in Ni based alloys.
Further development of limited solid solution strengthening was found for Ni based
alloys. Advances in solid solution strengthening were possible with limited amount of
alloying elements such as Cr, Iron (Fe), and Mo. The increased Cr content not only
enhanced the solid solution strengthening mechanism, it also provided a strong resistance
to corrosion. The first solid solution strengthened alloy was developed by INCO and was
named INCONEL alloy 600. Solid solution strengthened alloys were developed
throughout the twentieth century and proved compatible for nearly any type of corrosive
environment.
In the early 1980’s Haynes International developed a Ni-Cr-Mo-W alloy named
Haynes 230 alloy [4]. It became well known for its combination of high strength,
oxidation and creep resistance. Haynes 230 is widely used for high temperature
components in gas turbines, heat exchangers, and furnaces.
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Alloying Elements of Ni Based Super Alloys
Table 1 lists the contributions of several alloying elements used in Ni based super
alloys. These alloys elements are carefully selected to promote favorable properties in
specific situations. Alloying elements may be utilized for a number of purposes such as;
precipitate strengthening, solid solution strengthening, carbide strengthening, oxidation
and corrosion resistance, and second phase formers.
Table 1

Role of alloying elements in Ni based super alloys [5, 6]

Effects
Solid-solution strengtheners
Carbide formation
Carbonnitrides: M(CN)
Hardening precipitates and/or intermetallics
Oxidation Resistance
Improve hot corrosion resistance
Sulfidation resistance
Improves creep properties
Increase rupture strength
Grain refiners

Elements
Co, Cr, Fe, Mo, W, Ta, Re
W, Ta, Ti, Mo, Nb, Hf, Cr
C, N
Al, Ti, Nb
Al, Cr, Y, La, Ce
La, Th
Cr, Co, Si
B, Ta
B
B, C, Zr, Hf
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Incoloy 800H

Incoloy 800

Inconel 686

Haynes 230

Hastelloy C-22

Inconel 625

Hastelloy X

Inconel 600

31.0034.00
32.0037.00

72.00
(min)
41.7053.40
58.00
(min)
51.3363.00
56.1665.70
59

63.0070.00
69.00

Monel 400

Hastelloy B

55.1659.17

Udimet 720

Waspaloy

Inconel 718

70.00
(min)
50.0055.00
56.00

63.00
(min)
Balance

Monel K500

Permanickel
300
Inconel X-750

Ni

0.15
(max)
0.050.18
0.10
(max)
0.02
(max)
0.050.09
0.01
(max)
0.050.15
0.060.10

0.30
(max)
0.01

0.010.02

0.25
(max)
0.40
(max)
0.08
(max)
0.08
(max)
0.08

C

Fe

Si

Cr
Mo
Cu
S
Ti
Al
Co
W
B
Composition of Precipitation Strengthened Ni Based Super Alloy
1.50
2.00
0.50
27.00-33- 0.01
0.352.30(max) (max) (max)
00
(max)
0.85
3.15
0.50
0.60
0.35
0.25 (max) 0.01
0.20(max) (max) (max)
(max)
0.60
1.00 5.00-9.00 0.50
14.000.50 (max) 0.01
2.250.401.00
(max)
(max)
17.00
(max)
7.75
1.00
(max)
0.35
17.00
0.35
17.00- 2.80-3.30 0.30 (max) 0.02
0.650.201.00
0.01
(max)
(max)
21.00
(max)
1.15
0.80
(max)
(max)
0.10
2.00
0.15
19.00
4.30
3.00
1.50
13.50
0.01
(max) (max) (max)
15.50- 2.75-3.25
4.752.25- 14.00- 1.00-1.50 0.0116.50
5.25
2.75
15.50
0.02
Composition of Solid Solution Strengthened Ni Based Super Alloys
2.00
2.50
0.50
Balance
(max) (max) (max)
1.0 2.0 (max) 0.10
1.00
28.00
1.0 (max)
(max)
(max)
1.00
6.000.50
14.000.50 (max) 0.20
(max)
10.00
(max)
17.00
(max)
1.00
17.001.00
20.508.000.50-2.50 0.60
0.01
(max)
20.00
(max)
23.00
10.00
(max)
0.50
5.00
20.008.000.40
0.40
1.00
(max) (max)
23.00
10.00
(max) (max) (max)
0.80 2.00-6.00 1.00
20.00- 12.502.50-3.50
(max)
(max)
22.50
14.50
1.00
0.25- 20.00- 1.00-3.00
13.00(max)
0.75
24.00
15.00
0.75
5.00
19.00- 15.000.02
0.023.00-4.40
(max) (max)
23.00
17.00
(max)
0.25
0.1541.850.50- 19.001.50
49.30
1.50
21.00
1.50
29.451.00
25.000.75 (max) 0.02
0.150.15(max)
42.64
(max)
29.00
(max)
0.60
0.60

Mn

Chemical compositions of Ni-based alloys [4]

Alloy

Table 2

-

-

-

-

3.154.15
-

-

-

-

-

-

0.701.00
4.755.50
-

-

-

Nb

-

0.04
(max)
-

-

0.02
(max)
-

-

-

-

-

-

0.02
(max)
-

-

-

-

P

-

-

-

-

-

-

-

-

-

-

0.030.05

0.05

-

-

-

-

Zr

-

-

-

-

-

-

-

-

-

-

-

-

-

0.200.50
-

-

Mg

-

-

-

0.35
(max)
-

-

-

-

-

-

-

-

-

-

-

-

V

To better understand the development of Ni based super alloys, a chronological
alloy list of chemical compositions is shown in Table 2. The earlier developed
precipitate strengthened alloys have higher weight percentages of Titanium (Ti), Niobium
(Ni), and Aluminum (Al), which according to Table 1, promote precipitation phase
growth. As alloying technology advanced in the Ni based super alloy field, elements
such as W, Fe, and Mo were used in greater weight fractions to increase solid solution
strengthening.
Haynes 230
Haynes 230 is produced by a continuous casting process and then hot rolled into
the desired wrought dimensions. Additional cold rolling can be used to drive grain size
reduction during subsequent annealing. Haynes 230 is a highly developed alloy, which
has benefited from several decades of metallurgical research. Though its main
application was steam turbine components, Haynes 230 is consistently being utilized in
new environments. As Haynes 230 alloy is exposed to new environments, new
challenges will arise in understanding the processing-property-microstructure
relationship.
Ni based super alloys are complex systems, which can be generally rationalized
by referring to either binary or ternary alloy phase diagrams. Binary and ternary phase
diagrams offer qualitative information on the reaction between various major alloying
elements and the base material. Ni-Cr-W systems alloys are common in high temperature
and corrosion environments. To further understand the interaction of these three primary
elements, a ternary phase diagram is shown in Figure 3, at an isothermal condition of
1000 °C.
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Figure 3

Isothermal Section of Ni-Cr-W Phase Diagram at 1000°C [7]

Gamma (γ) Matrix
The red x in Figure 3 marks the chemical composition of Haynes 230 within the
Ni-Cr-W system, and denotes the single-phase solid solution as gamma (γ) phase. The γ
phase has an austenitic or face center cubic (FCC) Ni-rich structure. A detailed chemical
composition of Haynes 230 is listed in Table 3. Since Haynes 230 is not solely based on
the Ni-Cr-W system, further understanding can be achieved by observing multiple phase
diagrams. Binary phase diagrams are considered for simplification.
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Table 3

Chemical composition of Haynes 230 [8]

Cr’s main contribution to the system is two-fold: promote solid solution
strengthening within the γ matrix, and increase the corrosion resistance by forming a
passive surface oxide. Alloying with W provides additional solid solution strengthening
of the γmatrix.
Carbides
Within the solid solution strengthened matrix, the W and Cr content also form
carbide phases. W forms M6C type carbides in the range of 815-980 °C, which has a
complex cubic structure [4, 9]. Cr-rich M23C6 carbides tend to form, in a temperature
range of 760 to 980 °C, along dislocations or subgrain boundaries and also exhibit a
complex cubic structure [4]. Both carbide types promote creep resistance. In addition,
the relatively larger W-rich M6C carbides, promote crack propagation pinning which
results in improved fatigue life.
Detrimental Phases
In heavily alloyed material systems, unintentional detrimental interactions can
occur between the alloying elements especially during forming or subsequent heat
treatments. These include the possible formation of topologically close packed (TCP)
phases or eutectics.
12

During heat treatment or more commonly in service, TCP phases can form in
alloys where the chemical composition has not been carefully monitored [9]. TCP phases
unintentionally precipitate and can affect physical properties of the material [10]. The
structure of TCP phases can be described as thin layers of closely packed atoms separated
by layers of relatively larger atoms. TCP phases include σ, µ, and Laves structures. The
σ phase is characterized by brittle structures that affect the overall strength of the material
by depleting the γmatrix of solution strengthening elements. The µ phase is less
understood but can be described as a platelet type formation. The affects of the µ phase
are not well defined. The Laves phase is described as intergranular layers of close
packed atoms that are produced after prolonged exposure to heat. Large quantities of
Laves phases can have a detrimental effect on tensile ductility and creep resistance at
room temperature [10].
To consider possible formation of eutectics, a low liquidus phase, various phase
diagrams need to be considered. Figures 4-6 show selected binary phase diagrams for
Cr-Ni, Mo-Ni, and B-Ni, respectively. Eutectic temperatures range from 1345 to 1035°C
among the systems surveyed. Although the Haynes 230 material is more complex than
represented by this small subset of phase diagrams, it is apparent that low liquidus
eutectic phases can form in several binary combinations. In the case of the B-Ni eutectic,
the amount of B is typically controlled to less than 0.015 wt. % to prevent formation of
the eutectic in Haynes 230 [8]. The formation of this eutectic phase can be a
complication in solidification after fusion welding this material and will be detailed in
later chapters.
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Figure 4

Cr-Ni phase diagram [5]

Figure 5

Mo-Ni phase diagram [5]
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Figure 6

B-Ni phase diagram [5]

Liquidus temperatures for other elemental components and carbide phases in
Haynes 230 are listed in Table 4 and Table 5 for reference purposes. The low liquidus
eutectics in Figures 4-6 occur at temperatures below that of the Haynes 230 liquidus
temperature of 1371 °C. Phases present in Tables 4 and 5 have high melting
temperatures, above that of the base Haynes 230 metal. Binary phase diagrams in
Figures 3-6 indicate the possibility of eutectic formation, although the complexity of the
Haynes 230 material system would require further investigation of additional phase
diagrams including tertiary.
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Table 4

Melting temperatures of Haynes 230 components [8]
Element
Ni
Cr
Mo
W
Haynes 230

Table 5

Melting Temperature (°C)
1455
1860
2617
3370
1371

Haynes 230 carbides with corresponding melting temperatures [5]
Carbide Phases
WC
Cr3C2
Cr7C3
Cr23C6

Liquidus (°C)
2785
1813
1768
1577
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CHAPTER III
JOINING PROCESSES OF HAYNES 230

Haynes 230 is a commercially available, Ni based, super alloy for which many
welding processes have been developed for various applications. Because Haynes 230 is
mainly used in power generation where components have complex shapes, welds are
necessary to achieve the desired geometry. Haynes 230 is generally fusion welded
although the introduction of solid state joining may offer some benefit.
Fusion Welding
Fusion welding joins two pieces of material by heating both pieces above the
liquidus causing the material to flow together and solidify [11]. Depending on the
specific process, a filler material can be used to ensure proper filling and alloying in the
weld joint. Fusion welding has been the leading form of welding for decades due to its
simplicity and cost effectiveness. Recent manufacturing developments, for fusionwelding processes, make use of automated machines to minimize operator error. The two
prominent welding processes for joining Haynes 230 are Electron Beam Welding (EBW)
and Gas Metal Arc Welding (GMAW).
Electron Beam Welding
Figure 7 shows a diagram explaining the EBW equipment and Figure 8 shows a
diagram of a typical EBW process. EBW is a fusion process in which a beam of high
17

energy electrons is focused on the materials to be welded. The kinetic energy of the
electrons hitting the surface heats the material sufficiently above the liquidus. For the
electron beam to be focused properly, the fusion process must occur in a vacuum
chamber.

Figure 7

Diagram of EBW machine [12]

As the electron beam is focused onto the material it melts a very thin volume of
the parent material without the need for filler materials. This highly localized heating
produces a fusion zone that allows for deep penetration welds. EBWs have very narrow
Heat Affected Zones (HAZ), which are the thermally affected areas on either side of the
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welded region. When the electron beam hits a metal surface, the high energy instantly
vaporizes the material, generating a so-called key hole [12].

Figure 8

Schematic of EBW process [13]

Some disadvantages of the EBW process include; the high expense of the
equipment, high tolerance matchup dimensions and seam alignment, and limitations
regarding part size that can be inserted into a vacuum chamber.
Since the EBW process has become more prominent in the recent years, the
American Welding Society (AWS) and the Society for Automotive Engineers (SAE)
have created standards for performing the welds: AWS standard C7.1 for Recommended
Practices for Electron Beam Welding, and SAE Aerospace Materials Selection (AMS)
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standard 2681 for Electron Beam Welding Procedure[15, 16]. These standards give
minimum gap limits for weld fit up dimensions and procedural notes.
Gas Metal Arc Welding
Figure 9illustrates a typical GMAW process. GMAW is a fusion process in
which an arc is created between a consumable wire electrode and the work piece bringing
the material above liquidus and joining the work piece. To shield the molten material
from oxidation, an inert gas such as argon is injected around the electrode. The
consumable wire electrode is carefully selected for the material being joined to ensure
compatibility. In most cases, the polarity of the electrode is positive and that of the work
piece is negative.

Figure 9

Schematic of GMAW Process [17]
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To ensure best results from GMAW, a majority of welds have multiple passes.
The first pass is called the root pass and following passes are referred to as fill passes.
The final weld pass is referred to as the cap pass. Because multiple passes of added
material can be made, tight tolerances do not need to be held while preparing welding
surface.
GMAW is versatile in that it does not require extensive equipment or
environmental conditions. This process can be done using a handheld welding gun with a
continuous wire electrode and inert gas supply feed, or by an automated machine. While
automated machines prove to be more consistent in results, they are considerably more
expensive. The geometry of the part to be welded will restrict the selection between
these two options. Although handheld GMAW is the more versatile of the two,
automated GMAW machines are constantly becoming more agile.
Fusion Weld Metallurgy
Fusion welding results in a distinct solidification macrostructure. The weld
material solidifies in columnar grains extending from the outer edge to the center of the
fusion zone. Dupont classifies the grain structure of a fusion weld having two unique
boundaries including solidification subgrain boundaries (SSGB) and solidification grain
boundaries (SGB) [4]. As the fusion zone solidifies, elements segregation occurs which
can be observed along SSGBs or SBGs. In addition, non equilibrium diffusion may
promote reaction of various elements to form low liquidus phases which can wet grain
boundaries, especially within the partially melted zone (PMZ). Figure 10 is an SEM
image of an EBW from this study, with the SSGBs and SGBs marked.
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Figure 10

SEM image of EBW showing solidification grain boundaries

Solidification Subgrain Boundary
The SSGB is the smallest structure that is observed in Figure 10 and represents
the dendritic structure of the fusion zone. There is a compositional gradient associated
with the dendritic structure due to the elemental segregation of alloying elements. The
small amount of crystallographic misorientation that is observed between SSGB’s are
referred to as “low angle” grain boundaries [4]. The solidification subgrain size varies
throughout Figure 10 due to varying solidification directions throughout the fusion zone.
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Solidification Grain Boundary
The SGB is located at the intersection of two groups of solidification subgrains
that have “high angle” grain boundaries with high angle crystallographic misorientations
[4]. Similar to SSGB's, lower liquidus phases can also form at the boundaries due to
elemental segregation and non-equilibrium diffusion. In addition, the re-solidification
produces redistribution of solute that can cause non-uniform response to post weld heattreatment.
Weld Defect Mechanisms
Weld cracks are one of the commonly reported defects in fusion welding of
Haynes 230, attributed to either solidification cracking, grain boundary liquation cracking
[4, 18, 19, 20], or subsolidus ductility dip cracking [4].
Solidification Cracking
Henderson defines solidification cracking as occurring in the newly formed weld
bead when the mushy, two phase liquid-solid region experiences tensile stresses which
develops a crack as the high fraction of solid present restricts the flow of liquid metal to
backfill the interdendritic regions [4,18]. These cracks most often occur in the fusion
zone.
Liquation Cracking
Liquation cracking can result from reaction of various alloying elements forming
a decreased liquidus eutectic phase. Liquation can be defined as a localized liquidus
phase created at the interface between a secondary phase and base material due to nonequilibrium heating which does not allow for complete diffusion of secondary phase
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within the γmatrix [21]. Differences in coefficient of thermal expansion for the two
phases will cause internal tensile stresses that cause a crack. This generally occurs in the
HAZ of the weld where absolute liquidus of the matrix is not achieved and is also
referred to as the PMZ. Liquation cracking occurs in Haynes 230 when the liquid within
the PMZ cannot withstand the applied strain and forms a crack at a grain boundary. This
process is more prominent in welding processes that are made at high heat input rates
such as GMAW [4, 18]. As the austenitic Ni-rich FCC phase solidifies as a result of the
welding process, alloying elemental segregation is promoted which influences this
solidification cracking. Reaction of various alloying elements with Ni may decrease the
liquidus. Although Figures 4-6 in Chapter 2take a simplified binary approach toward
understanding the complex metallography of Haynes 230, this approach does illustrate
possible formation of lower liquidus eutectic phases.
Subsolidus Intergranular Cracking (Ductility Dip)
Ductility dip cracking (DDC) is a relatively new solid state crack phenomena
typically occurring in, but not limited to, reheated weld metal or in base metal HAZ.
Ductility dip earns its name from a correlation with the cracking phenomena and the
strength decrease when subjected to a temperature range from the solidus temperature
(Ts) to approximately ½ Ts [4]. Research has been performed on DDC, although the
mechanism responsible for the cracking remains poorly understood. Suggested
influential factors of DDC include grain boundary sliding, second phase precipitation,
elemental segregation, hydrogen embrittlement, and carbide distribution.
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Figure 11

Data acquired by Tawancy, Klarstrom and Rothman on room temperature
tensile elongation after 1000 hours of various exposure temperatures [22]

Figure 11 shows data from studies by Tawancy et. al. [22], which shows a dip in
tensile elongation at approximately 760 °C for three Ni based materials tested. These
tensile tests were performed at room temperature after the samples were exposed to
different temperatures for 1000 hours. In a separate study, following fatigue testing at
elevated temperatures the microstructure contained an abnormal amount of Cr rich
carbides that were observed along grain boundaries, which was correlated with a decrease
in ductility [23]. Although the mechanisms are not fully understood for this mechanism,
one could hypothesis that an accumulation of Cr rich carbides at grain boundaries could
contribute to DDC.
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Solid State Joining
Solid state joining is a joining process in which no material is melted. The main
idea behind solid state joining is to reduce heat input to the material during joining thus
reducing many issues associated with higher heat input fusion welding. Although less
understood by the welding community, there are several forms of solid state joining
which include: FSWing, inertia friction welding, diffusion bonding, and explosive joining
[24]. This study considers the use of thermal stir welding (TSWing), a modification of
FSWing, for use with Haynes 230.
Thermal Stir Welding
Figure 12shows a comparison of the FSW and TSW processes. In FSW a rotating
tool is plunged into the material to be welded and traverses along a weld seam. A
backing anvil is placed beneath the work piece for the FSW forces to react against.
While FSW relies on friction and deformational heating, TSW utilizes an induction coil
in advance of the tool to pre heat the material. By augmenting the thermal energy input,
materials with higher hot-working temperatures can be joined with fewer requirements on
the tool.
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Figure 12

Schematic of (a) FSWing and (b) TSWing [3]

Thermal Stir Weld Metallurgy
The microstructure in the weld nugget of both FSW and TSW consists of
equiaxed grains. Eliminating the solidification of material should reduce elemental
segregation and the propensity for liquation or solidification cracking. In contrast with
elongated grains, the equiaxed grain structure in the weld nugget should retain the
strength and ductility within the weldment.
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CHAPTER IV
EXPERIMENTAL PROCEDURES

Using welded components in forming processes, requires ductility or formability.
Because the nozzle extension requires multiple panels to be welded together, mechanical
properties of these welded joints are integral to the optimization of the process.
Minimizing differences between the parent material and weldment, in terms of strength
and ductility, will be beneficial for subsequent forming operations. This study offers a
preliminary comparison of microstructure and mechanical properties of three joining
processes; EBW, GMAW, and TSW.
Keystone Synergistic Enterprises supplied all of the welded panels used in this
study. Parameters for each fusion weld are shown in Table 6. Though system parameters
can be altered to produce varying weld properties, this was beyond the scope of this
study. Weld parameter sets were selected to produce a commercially acceptable weld
and remained constant throughout the study. Note that EBW#2 was used to develop the
parameters for EBW #3. Also GMAW #1 and #2 were used to develop the parameters of
GMAW #3. TSW parameters are summarized in Table 7. A swagged W- 25% Rhenium
(Re) tool, with a root diameter of 0.5”, was utilized in the production of the TSWs as
shown in Figure 13. Haynes 230W, a weld filler material engineered specifically for use
with Haynes 230, was used as the filler material in the GMAWs.
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Figure 13

Table 6
Panel #

Swagged W-Re TSW Tool

Fusion Weld Parameters

EBW#1

Voltage (V) Travel
Speed
(ipm)
3
0.016-0.018 120 x 10
40

EBW#3

0.022-0.023

120 x 103

30

N/A

GMAW#3

117-116

23

12

Haynes 230
W

Table 7

Current
(A)

Filler
Material

Notes

N/A

Double Sided,
Single Pass
One Sided,
Single Pass
Double Sided,
Multiple Pass

Thermal stir weld parameters

RPM

Plunge force

Travel Speed

240

7500 lbs

1 ipm
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Induction Coil
Temperature
600 °C

Tensile Testing
The standard method for evaluating welded material is AWS B4.0 [26] and
includes; tensile, hardness, shear, and bend testing. For this study, only tensile and
hardness data were preformed due to the limited number of specimens.
Tensile testing was conducted in a monotonic tensile testing machine operated at
a constant crosshead velocity. Load vs. displacement data were digitally captured.
Properties that are extracted from tensile data include yield stress (σys), ultimate tensile
strength (σuts), and elongation to failure.

Figure 14

Tensile specimen geometry for parent material
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A schematic of the specimen geometry used for the parent material properties is
shown in Figure 14 with all dimensions shown in inches.

Figure 15

Tensile specimen geometry of welded specimens

The objective of this study was to test the welds in the geometry in which they
would be utilized on the nozzle extension; therefore no weld reinforcement material was
removed from the weld panels. The weld specimen geometry specified in AWS B.40
was modified as shown in Figure 15. Since it was assumed that the welded specimens
would fail in the welded region of the material, straight-sided specimens were used. The
provided test panels were received as 10x8x ¼ inch welded panels. The test specimens
were cut into ¼ x ¼ inch strips via water jet cutting to minimize any thermal effects
introduced to the specimens.
Due to the limited availability of specimens, tension testing was only performed
for two EBW and one GMAW panels. Figure 16 is a representative cut plan for the
welded panels. Nine tensile specimens were taken from each fusion weld panel from
locations at the beginning, middle, and end of the weld panel.
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Figure 16

Representative cut plan for welded panels

Tension testing was conducted on a Model 5869 Instron equipped with a 50 kN
electromechanical load frame as seen in Figure 17.
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Figure 17

Instron model 5869 equiped with 50 kN load frame

After placing the specimens in the wedge style grips, the distance between the
grips was measured and recorded as the gauge length. A pre load of 10 lbf was applied at
a rate of 0.02 in/min, to set the wedge grips into the specimen. After the pre load was
achieved, the crosshead velocity was increased to 0.05 in/min for the duration of the test.
Data was recorded for load and crosshead extension every 500 milliseconds. Once the
specimen broke, as evidenced by a drop in load, data files were retrieved and analyzed.
Equations 1 and 2 are used to calculate engineering stress (σ ) and strain (ε ) respectively.
Ε

!

!! = !
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Ε

(1)

!! =

!! !!!
!!

(2)

Where:
F = the force measure by the load cell
A = the initial cross sectional area of the tensile specimen
lf = the final gauge length
lo = the initial gauge length
Analysis of the data was done in accordance with ASTM Standard E8 [27]. The yield
stress (σys) was determined using the 0.2% offset method. The ultimate tensile stress
(σUTS) was calculated using the maximum load measured divided by the initial cross
sectional area of the specimen.
The true stress (σT) and true strain (εT) were calculated using equations 3 and 4,
respectively.
!

!! = !

!

!! = !! (1 + !! )

(3)
(4)

Where:
Ai = the instantaneous cross sectional area of the tensile specimen
The strain-hardening coefficient (n) is taken as the slope of the σT vs. εT data
plotted on a logarithmic scale. By the use of Considere's construction, n is equivalent to
the uniform strain at which necking occurs. Thus in specimens with suspected defects,
comparison of n to the strain at which UTS occurs can be used to evaluate if suspected
defects in the specimen are detrimental to the strength.
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Rockwell Hardness Testing
Rockwell hardness testing is a form of non-destructive testing that correlates with
the strength of the material. Testing was performed on a Wilson Instruments model
Rockwell 574hardness-testing machine as shown in Figure 18 and in accordance with
ASTM E18 standard [28]. For materials with nonhomogeneous microstructures,
hardness testing can probe the strength of specific regions.

Figure 18

Wilson Instrument model Rockwell 574

Rockwell hardness scale B was selected based on the properties of Haynes 230
[8] and used an indenter ball diameter of 1/16 inch with an indention load of 100 kgf. The
hardness reading was converted to strength using a conversion chart [28].
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A minimum distance was maintained between each test indention of 3 diameters
of the indention ball diameter [28]. Hardness testing was performed on each specimen
prepared for metallographic imaging. Figure 19 shows the typical regions tested.

Figure 19

Typical hardness regions tested for transverse weld specimens of: (a) EBW,
(b) GMAW, and (c) TSW

Etched specimens were used to delineate the various regions of the weld zone,
and five hardness values were taken of each specimen.
Metallography
Metallographic specimens were prepared per ASTM E3-01 [29]. Transverse
sections were removed from the weld joint of each weld panel and mounted in a phenolic
mount. Metallographic analysis was used to compare the grain size and morphology of
the various welding processes. Specimens were ground and polished, using silicon
carbide paper and alumina powder respectively, according to the procedure in Table 8.
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Table 8
Step #

Grinding and polishing schedule
Pad Type Spindle
Speed
(RPM)

1

Silicon
Alumina
Pad
Carbide
Powder Size Rotation
Paper (grit) (µm)
Speed
(RPM)
120
N/A
200

N/A

60

2

320

N/A

180

N/A

60

3

600

N/A

180

N/A

60

4

1200

N/A

180

N/A

60

5

N/A

1

160

Imperial

50

6

N/A

.02

160

Chem-Pol 50

Spindle
Rotation in
Relation
with Pad
Counter
Rotation
Counter
Rotation
Counter
Rotation
Counter
Rotation
Counter
Rotation
Counter
Rotation

AppliedTime
Force (min)
(N)
5

2

5

5

5

10

5

10

5

10-20

5

10-20

A Struers model Tegramin-20 automatic polishing machine, seen in Figure 20,
was used to facilitate the process.

Figure 20

Struers automatic polishing machine
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To reveal the grain structure of the specimens, a mixed acid (1/3 acetic acid, 1/3
HNO3, 1/3 HCL) etchant was used [4]. Images of each specimen were taken on the
macro and micro scale. Macro images were taken on a Canon EOS Rebel T1i equipped
with a Canon MP-E 65mm lens and micro images were captured with a Leica DMI500M.
Utilizing micro imaging, grain size calculations were made per ASTM E112-96 and area
fractions of the various phases were calculated per ASTM E562-11 [30,31].

Figure 21

Carl Zeiss EVO50VP Variable Pressure Scanning Electron Microscope
equipped with a Bruker Quantax 200 X Flash EDX Spectrometer System

SEM imaging and energy-dispersive X-ray spectroscopy (EDS) was performed on
images obtained in a Carl Zeiss EVO50VP variable pressure scanning electron
microscope (SEM) equipped with a Bruker Quantax 200 X Flash EDX energy dispersive
spectroscopy (EDS) shown in Figure 21. The SEM was set to an excitation voltage of
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15kV for all of the images and spectroscopy. Un-etched, polished specimens were used
to locate and identify the chemistry of various structures throughout the parent material
and in the welded region of the samples.
X-ray diffraction analysis was performed on the transverse specimens in a Rigaku
Ultima III X-Ray Diffraction System (XRD), shown in Figure 22. A bulk sample from
each welding process was sanded with 320 grit silicon carbide paper to remove the
surface layer and any contaminants. The samples were scanned in the 2θ range of 40° to
80° and X-rays were emitted at 40 kV and 44 mA. An overall analysis was made with a
scan speed of 0.1°/min with a sampling width of 0.04°. A second scan was made from
35° to 50° 2θ at a slower scanning speed of 0.05°/min in an attempt to identify the small
area fraction Cr23C6 carbide.
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Figure 22

Rigaku Ultima III X-Ray Diffraction System
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CHAPTER V
RESULTS AND DISCUSSION

Tensile Results
Table 9 summarizes the tensile testing results for the three fusion welded panels.
Note that suitable TSW panels were not available for tension testing. All properties are
compared to hot rolled solution annealed parent material (HR SA PM), annealed at
1232°C [7].
Table 9

Tension test data summary
σys (ksi)! UTS (ksi)

HR SA PM
EBW # 1
EBW #3
GMAW #3

52 ±1 !
48 ± 1!
50 ± 2!
51 ± 1!

122 ± 1
106 ± 3
113 ± 4
105 ± 1

Weld
Efficiency
(%)
NA
86 ± 3
92 ± 4
85 ± 1

εf (%)
58± 1
24 ± 3
31 ± 4
22 ± 1

Strain
Hardening
Coefficient, n
0.18 ± 0.02
0.30 ± 0.01
0.25 ± 0.01
0.35 ± 0.02

The single pass EBW #3 weld joints showed higher strength than the double pass
EBW #1, with a corresponding lower elongation to failure. The GMAW panel was
similar in properties to the double pass EBW #1. Figure 23 shows a fractured specimen
from each weld panel.
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Figure 23

Fractured tensile specimen for (a) EBW#1 (b) EBW#3 and (c) GMAW#3

EBW#1 tensile specimens failed in the fusion zone as opposed to tensile
specimens from EBW#3, which failed just outside of the fusion zone. Failure of GMAW
#3 tensile specimens occurred outside of the fusion zone and in most cases, in the HAZ.
Hardness Results
In order to compare mechanical properties of TSW to that of EBW and GMAW,
the hardness data was recorded. Figure 24 is a comparison of weld zone hardness data to
parent material for the various welds. Relative weld zones were measured from optical
microscopy images and are imposed on the hardness profile charts. Hardness values
were similar for the 3 processes ranging from HRB 97 to 98 for the EBW and GMAW to
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HRB 102 for the TSW. As the welds were made from different lots of Haynes 230, the
hardness of the parent material was individually tested and found to vary from a HRB of
80 to 94.

Figure 24

Comparison of weld joint hardness data to parent material in (a) EBW (b)
GMAW and (c) TSW
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Metallographic Results
Figure 25 contains optical macroscopic images for the various welding processes.

Figure 25

Optical macroscopic images of transverse weld specimens: (a) multiple
pass GMAW sample, (b) EBW# 1 sample, (c) EBW#3sample, and (d)
TSW sample.

Figure 25a shows transverse images of the multiple pass GMAW sample with two
full penetration passes, and three cap passes, two on the root side and one on the weld
crown. Transverse images of EBW#1 are shown in Figure 25b and that of EBW#3 in
Figure 25c. Figure 25b shows a crack defect in the center of the fusion zone, for EBW
#1, which correlated with the lower measured tensile properties in Table 9 and a fusion
zone failure location in Figure 23a. A partial penetration TSW is shown in Figure 25d.
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The two fusion welds, EBW and GMAW, had a grain structure as described by
Dupont, with solidification grains and solidification subgrains [4]. Figure 26a shows this
grain structure in the EBW#1 weld and Figure 26b shows this grain structure in the
EBW#3.
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Figure 26

Representative grain structure of the fusion zone in (a) EBW#1 (b) EBW#3
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Figure 27

Chronological order of weld passes in GMAW#3.

Figure 26 shows a superimposed chronological weld pass order for GMAW #3,
which may give some insight to the non-uniform hardness profile.
Several higher magnification images were taken to calculate the grain size for the
equiaxed parent material and TSW. Because of the solidification grain structure of the
fusion welds, the procedure described in ASTM E112-96 will not be accurate in
describing the grain size. The more equiaxed grain sizes for the parent material and TSW
weld nugget are listed in Table 10 based on an average of 250 grains.
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Table 10

Average grain size of parent material vs. TSW nugget
Average Grain Size (µm)
75.5± 3.4
11.2± 2.7

Parent Material
TSW

According to the calculated grain sizes of parent material and TSW, during the
TSW process the grain structure is reduced by 86%. Using the Hall-Petch relationship,
this would correspond to a 12.4% increase in strength over the base material. This
correlates with the increase in strength observed in the hardness test of Figure 25c.
As stated in Chapter 1, Haynes 230 has two main carbide structures throughout
the material: one being a Cr rich phase located within grain interiors; the other is a W rich
phase having a globular shape dispersed as a separate phase.
SEM imaging coupled with EDS spectra was performed to identify the W rich
phase in the parent material and TSW nugget. Figure 28 provides a comparison of the
phase distribution in the parent material and in the TSW nugget. Because an SEM in
backscatter electron (BSE) mode analyzes specimens by reflection of electrons off the
surface of the specimen, the higher the atomic number of the particle the brighter it will
appear in the resultant image. EDS analysis was performed on the areas marked in
Figure 29, to confirm that the white phase observed in the parent material and TSW were
W rich. The W rich phase is only observed in the parent material (Figure 28a) and the
TSW nugget (Figure 28b). No evidence of the W rich phase is observed in the fusion
zone of Figure 28c or Figure 28d, for the GMAW and EBW, respectively.
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Figure 28

SEM images comparing phase distribution in parent material (a) versus that
of the fusion/weld nugget regions for TSW (b), GMAW, (c) and EBW (d).
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(a)

(b)
Figure 29

SEM image of TSW nugget and location marked for EDS analysis (a) of
particle versus (b) base material
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(a)

(b)
Figure 30

EDS analysis of:(a) W rich phase vs. (b) Ni rich phase marked in Figure
28.
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Figure 30 compares the EDS analysis of the particles versus the matrix, shown in
Figure 29. The x-axis is accelerating voltage measured in kilo electron Volts (keV) and
the y-axis is and arbitrary intensity measured in counts. In Figure 30a, a high intensity
peak is observed at approximately 1.75 keV which corresponds to the element W, thus
confirming the white particles as W rich. In comparison, Figure 30b shows a lower W
intensity and a higher Ni and Cr intensity. This is consistent with the presence of
strengthening Cr rich carbides in the Ni matrix of the Haynes 230.
XRD analysis was performed on bulk samples to identify the structure of the W
rich phase of the material. The pattern in Figure 31 was indexed as a W6C FCC structure.
Although the peak intensity of the W6C phase is low, the presence of the (333) and (660)
peaks are observed. While 3 peaks are typically used to identify the presence of a phase,
there is not sufficient signal to background to accurately resolve the (440) peak.
However, the elemental content and observed morphology of the W-rich phase from the
SEM images correlates with the W6C phase reported in the literature.
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Figure 31

XRD analysis indexing the M6C and Ni phases.
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Figure 32

XRD scan intended to verify the presence of Cr23C6 carbide

Figure 32 shows the scan that was intended to show the presence of Cr23C6
carbide presence in the Haynes 230 material and the location of the suspected peaks. A
possible reason for not capturing the appropriate peaks for this structure is the small
volume fraction of Cr23C6 structure in the material system. The Cr23C6 peak that
produces the maximum peak intensity occurs at 44.1° 2 theta, which is obscured by the
maximum Ni peak located in the same location.
After indexing the W rich phase in the matrix, the area fraction and particle size
of the W6C was calculated for the TSW nugget and parent material. To obtain the W6C
particle size, image analysis was performed on SEM images of both the parent material
and the TSW nugget. W6C particle diameters were averaged from 1154 particles and
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averaged in both specimens. The area fraction and particle size data is shown in Table 11
and Table 12.
Table 11

Area fraction of W6C phase in parent material and TSW nugget
Area fraction of W6C
2.37±0.48
2.66±0.33

Parent material
TSW nugget

Table 12

Particle size of W6C phase in parent material and TSW nugget
Diameter of W6C (µm)
4.06 ± 3.16
3.93 ± 2.77

Parent material
TSW nugget

Elemental segregation was observed in higher magnification SEM images of the
EBW in Table 10Figure 28c and the GMAW in Table 10Figure 28d. Figure 33 shows
elemental segregation as the light colored phase along the grains in the GMAW fusion
zone, which was identified as Cr rich using EDS. The phase diagram of Cr-Ni in Figure
4 shows a lower liquidus eutectic reaction can occur. Due to the elemental segregation
occurring during the solidification, non-homogenous diffusion can result in the formation
of a low liquidus phase occurring at the grain boundaries. Through diffusion, the
formation of a low liquidus phase can wet the grain boundaries.
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Figure 33

SEM image of fusion zone in GMAW#3.
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Figure 34

SEM image showing defect in EBW #1.

Due to the location of the crack observed in the EBW fusion zone in Figure 34, it
is suggestive of solidification cracking. Although the presence of a Cr rich phase along
the grain boundaries could have caused liquation which could have also contributed to
the cracking.
The higher magnification images shown in Figures 33and 34were digitally
enhanced to better show the elemental segregation and are shown in Figures 35and 36,
respectively.
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Figure 35

Digitally enhanced SEM image ofGMAW#3 fusion zone.
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Figure 36

Digitally enhanced SEM image showing elemental segregation of Cr rich
phase along the grain boundary in the weld fusion zone for EBW#1
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Figure 37

SEM image of TSW nugget

Figure 37is a higher magnification image of the TSW nugget which shows
relatively clean grain boundaries. Some slight evidence of possible coarsened carbides
can be observed at some grain boundaries as identified using EDS. The serrated grain
structure of the weld nugget is possibly a result of grain boundary migration, which was
pinned by a carbide structure.
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CHAPTER VI
CONCLUSIONS

Of the welding processes evaluated, the TSW weld was the only joining process,
which retained an equiaxed grain structure with less evidence of elemental segregation to
the grain boundaries within the weld nugget. The grains were reduced by 86% to a11.2
µm equiaxed diameter and the W6C phase size and area fraction within the TSW nugget
were similar to the parent material. The grain size strengthening expected from the grain
refinement is similar to that measured in the hardness testing. Area fraction and particle
size of W6C phase suggest that during the solid state TSW process, the W6C phase was
stable.
Both the EBW and GMAW grain structure had coarse, elongated solidification
grains, with a 47% and 38% lower elongation to failure as compared to the parent
material, respectively. Thus, the results of the tension testing of the fusion welds show
that while a weld joint can retain the strength of the parent material, the strain to failure
properties can be drastically reduced. While the EBW #3 panel had 92% weld efficiency,
the strain to failure was 47% of parent material. Tensile specimens taken from EBW#1
failed in the fusion zone, which may be attributed to a crack extending the width of the
fusion zone. EBW#3 also failed in tension outside of the fusion zone in the HAZ, but its
increased UTS compared to EBW #1, illustrates the detrimental effect of a crack in the
fusion zone.
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While the tension testing allows comparison of the fusion weld panels, it does not
provide an accurate representation of weld UTS and εf. Reasons for inaccurate results
include non-uniform strain throughout the gauge section of the specimen. A more
accurate way of testing the strength/ductility of a weld would be to perform a bend test.
A bend test would be more accurate because it would force uniform strain within the
fusion zone.
The hardness testing results provided data to compare UTS values of the three
welding processes. Parent material data was gathered for all available weld panels and
compared to the hardness of the weld hardness data because of a variation in parent
material properties. The hardness of the fusion zone, in both EBW and GMAW, is similar
(within 5%) of the nugget zone in TSW. The hardness values of the EB, GMAW, and
TSW outside the fusion zone/weld nugget are comparable to that of parent material,
indicating minimal HAZ. This is consistent with SEM and OM imaging, which resolved
no significant microstructural change between the fusion zone/weld nugget and parent
material.
In the GMAW weld two full penetration welds, marked pass 1 and 2 in Figure 26,
produced a finer solidification grain structure when compared to the later passes. The
finer solidification grain structure in the center of the GMAW fusion zone was reflected
in the hardness profile by indicating an increase in hardness values. The hardness profile
was not uniform on either side of the fusion zone of the GMAW, which could be
attributed to the non-uniform heat profile induced by the multi-pass weld. The decreased
hardness value at -0.25 inches from the center of weld in the hardness profile of the
GMAW is located underneath the final cap pass marked as pass 5 in Figure 27. A
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possible reason for this decrease in hardness at this location could be that the heat input
of the cap pass coarsened the carbide structure thereby depleting the solute in the grains.
Figure 27 shows an increase in hardness values at 0.25 inches from the center of weld in
the GMAW. This test location did not have a cap pass directly above, which suggests
that there was less heat input than the opposite side of the weld.
Failure of the GMAW outside of the fusion zone in the HAZ could be attributed
to the increased cross-sectional area from the weldment. Because the weld support
material was not removed from the GMAW specimens, the increased cross-sectional area
of the fusion zone would causeless a stress concentration leading to failure along the
thinner gauge section.
SEM imaging coupled with EDS spectra was sufficient in locating and identifying
the W rich phase distribution in TSW and parent material as well as identifying the Cr
rich phase along the grain boundaries in the fusion zones of the EBW and GMAW.
EDS spectra and XRD analysis was not successful in identifying the coarsened
phase located on grain boundaries of the TSW in Figure 37. The failure to identify this
structure is possibly attributed to the small volume fraction of this structure located in the
material system.
Literature has reported a Cr rich carbide deposits along grain boundaries,
following fatigue or forming processes, correlate with ductility decrease. This elemental
segregation of Cr in the fusion welds along grain boundaries could be contributing to
cracking phenomena consistent with DDC.
Although tensile results were not obtained for the TWS, based on the hardness
profiles and observed grain refinement, it is expected these specimens would have an
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increase in strength and ductility as compared to the EBW and MGAW. The retention of
the W6C phase suggests lower temperatures were realized in the solid state TSW than
with the fusion welding processes.
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CHAPTER VII
FUTURE WORK

Future work should include tensile testing of the TSWs to verify the conclusions
of this study. In addition the incorporation of weld bend testing per ASTM E190-92
(2008)[32] or maximum dome height testing per ASTM E2218-02 (2008)[33].This would
give data that would better compare the mechanical properties of the welding processes.
Weld bend specimens allow for uniform strain across the entire weld region and HAZ
instead of possible localized strain in known stress concentration areas.
Transmission Electron Microscopy imaging and associated selected area
diffraction patterns would be effective in identifying the coarsened structures at grain
boundaries in the TSWs. Identifying the melting temperature of M6C structures would be
beneficial in describing the temperature threshold of TSW.
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